We developed a model of the biogeochemical and sedimentation behaviour of carbon (C), nitrogen 27 (N) and phosphorus (P) in lakes, designed to be used in long-term (decades to centuries) and large-28 
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Introduction 55
Lakes play a significant role in the global C cycle, a role which has been altered by human activities 56 and which is sensitive to climate change (Tranvik et al., 2009 ). Over recent centuries, especially the 57 last 100 years, erosion from agricultural land due to farming intensification has increased rates of 58 lacustrine carbon burial (Anderson et al., 2013) . Over the same period, lakes have received greater 59 inputs of nitrogen (N) and phosphorus (P), from fertiliser use and sewage effluent, leading to higher 60 plankton biomass and consequently more sedimentation and sediment storage of autochthonous 61 carbon (Heathcote and Downing, 2012; Pacheco et al., 2013) . Lake sediments are long-term sinks for 62 C, N and P (Dean and Gorham, 1998) and lakes also convert incoming C and N into gases that are 63 released to the atmosphere (Seitzinger, 1988; Saunders and Kalff, 2001 ). To put these interacting 64 processes and effects into context, over the long-term (decades to centuries) and at large landscape 65 scale (10 4 -10 5 km 2 ), a suitable model is required that can simulate the processing of macronutrients 66 by lakes, driven by the outputs of models of terrestrial ecosystem element cycling, agriculture, erosion 67 and sediment delivery, and point source inputs to inflowing rivers. Such a model needs to operate at 68 seasonal or annual timescales, and be readily applicable to all the lakes in the region of interest. It 69 needs to capture the principal processes simply so as to be computationally efficient. 70
A review of the literature showed that a suitable nutrient simulation model for lakes does not 71 presently exist. Most lake models have been developed to analyse and predict individual lakes in 72 detail, and with an emphasis on eutrophication and the amount of chlorophyll a (Chla) in the water 73 column (Jørgensen et al., 1996) . Examples include phosphorus-Chla models based on flushing rate 74 (Vollenweider, 1975) , or more complex representations (Håkanson and Boulion, 2003; Håkanson and 75 Bryhn, 2008; Omlin et al., 2001 ), phytoplankton population dynamics (Jørgensen, 1976; Elliott et al., 76 2010), or physics and phosphorus only (Saloranta and Andersen, 2007) . None of these deals with 77 sediments, whereas other models focus on sediment processes only (e.g. Dittrich et al., 2009) . The 78 ECO model of Smits and van Beek (2013) is comprehensive, couples water and sediment, and includes 79 carbon cycling, but is highly complicated with many parameters, mostly lake-specific, and does not 80 include sediment transport from the catchment. The model that perhaps most closely meets our 81 needs is that of Nyholm (1978) , which was designed to be general and could use "universal" 82 parameters. However it includes neither carbon cycling nor denitrification. Because we could not find 83 a model that combined productivity, nutrient cycling, and sediment formation, suitable for application 84 to many lakes simulataneously over long timescales, we created a new model appropriate to our 85
purposes. 86
Nearly all the relevant processes involve interactions between the biogeochemical cycles of the three 87 elements, and the main ones are depicted in Figure 1 . By representing them in the model, we aimed 88 to describe the effects of human activities over the last 100-200 years on temporal variations and lake-89 to-lake variations in the concentrations of Chla, dissolved N and dissolved P, lake retention of N and 90 P, including losses by denitrification, the burial efficiency of organic C in sediments, the mass 91 accumulation of sediment, sediment stoichiometry (CNP ratios), lake productivity, the net removal of 92 inflowing DOM, and the quality of outflow water. To obtain an overall picture, applicable generally 93 to temperate lakes, for the purposes of estimating macronutrient processing, we used data from many 94 lakes (121 for fitting, 34 for testing), although for only a few lakes was a full data set available. We 95 had to make simplifying assumptions about trends in both erosion and nutrient enrichment, which 96 inevitably restricted precision but allowed a representative first parameterisation. 97
The primary purposes of the work were to formulate the model and evaluate its performance in terms 98 of using a universal parameter set to simulate C, N and P processing by a range of lakes, as required 99 for large-scale application. Long-term simulation was evaluated from results for sediment 100
compositions. In addition, we used the model outputs to examine possible changes in lake 101 macronutrient processing during the last century. Daily change in the amount of variable X (equations 1,3,4,5,6,7,8,9)
Loss of BIO owing to decomposition / grazing (equation 3)
Maximum daily increase in BIO content of lake (equation 1)
Sedimentation loss of BIO (equation 5)
Mineralisation loss of C, N, P (equation 8)
Sedimentation loss of CPM (equation 4)
Loss of N by denitrification (equation 9)
Loss of DOM by flocculation (equation 6)
Loss of DOM by photodecomposition (equation Maximum labile P content of lake sediment 0.002
1 Set equal to k fl 110
Model description 111
A glossary of variables and constants is given in Table 1, which should be referred to when reading this  112 section. We first present a formal description of the model, after which simplifications and neglected 113 processes are identified. The lakewater is assumed to be completely mixed and of constant volume, 114 with outflow equal to inflow. Inflowing water brings catchment-derived particulate matter (CPM) 115 which is derived principally from soil erosion, and contains organic matter (OM) comprising C, N and 116 P, as well as particulate inorganic P. It also brings solutes, namely dissolved inorganic nitrogen (DIN), 117 dissolved inorganic phosphorus (DIP), and dissolved organic matter (DOM), which contains C, N and 118 P. Water leaving the lake contains the same components (although generally at different 119 concentrations), together with algal biomass (BIO) generated within the lake by photosynthesis. The 120 BIO comprises organic C, N and P, and the ratio of Chla to C is assumed to be 50. To maintain small 121 incremental changes in water composition, in-lake processes, and sedimentation, the model is run on 122 a daily time step, with mass balance of each element. However, it is not intended to produce faithful 123 simulations of short-term processes, rather to permit averaging over seasons or single years. In the 124 following equations, square brackets indicate lakewater concentrations in mg L Net settling of eroded particles and phytoplankton to the lake sediment in g d -1 is given by 149
The leading bracketed terms characterise settling, while the products of concentration and volume 152 are the total quantities of CPM or BIO in the lake, and so the equations represent a first-order loss 153 process to the sediment. The longer is the lake's residence time, the more efficiently are CPM and 154 BIO lost by sedimentation. ) are given by 157
The flocculated DOM is incorporated into CPM. When DOM is photodecomposed the DOC is 160 converted to CO 2 , while the DON and DOP are converted to DIN and DIP. 161
The CPM arriving at the sediment surface comprises mineral and organic matter, in proportions 162 depending upon the properties of the eroded soil. Part of the CPM organic matter is non-labile, i.e. 163 cannot decompose, and the remainder is labile, quantified by the fraction labile f labile . All the DOM 164 added to the CPM by flocculation is assumed labile. So too is all sedimented BIO organic matter, and 165 therefore more eutrophic lakes tend to supply more labile organic matter to the sediment. 166
Decomposition of labile organic matter occurs in surface sediment, i.e. the layer that exists during the 167 year of simulation, by a first-order reaction, modified by temperature. Labile C, N and P in the 168 sediment are mineralised in proportion (g d ), according to 169
The released C is lost as CO 2 , and the released N is returned to the water column as DIN. Phosphorus 171 released by decomposition from the labile pool is considered to be totally adsorbed by the surface 172 sediment, up to a maximum ratio of labile P to sediment mass (P sed,max ). If P sed,max is exceeded the 173 excess P from decomposition is returned to the water column as DIP (release as DOP is minor; Spears 174 and May, 2015). Lake sediment bulk density (BD, g m . At the end of each year the 176 sediment that has accumulated during that year is buried, cast into anoxic storage, and no further 177 changes take place with respect to C, N and P cycling. In reality decomposition will continue, 178 diminishingly, in subsequent years. Galman et al. (2008) showed that nearly all losses of C and N took 179 place in the first few years after sedimentation in a boreal forest lake. Working on the eutrophic Lake 180 Zug in Switzerland, Dittrich et al. (2009) found that "although the mineralization of organic matter by 181 oxygen and nitrate only occurred in the upper 2mm of sediments, it dominates total organic matter 182 degradation", only 2% of degradation took place anoxically, principally by methanogenesis. Both 183 these conclusions support our simplification. 184
Denitrification is proportional to the amount of DIN in the lake (assumed principally to be NO 3 ) but (i) 185 factored with the lake depth, and (ii) related to sediment labile C, both of which take account of the 186 role of upper sediment in the reaction. The equation used is 187 
The fraction of the nitrogen, F DeN , lost by denitrification is given by 195
where ΣN deN is denitrification summed over the year. The (organic) carbon burial efficiency is given 197 by 198 A more elaborate macronutrient model could no doubt be constructed for individual well-214 characterised lakes, including all the processes listed above. But our need is different; we want to 215 capture the aggregated effects of lakes on macronutrient transport, processing and retention at a 216 large spatial scale (e.g. the whole of the UK) and at seasonal temporal resolution, using simple driving 217 data. Therefore we fitted the model with data for as many lakes as possible, within which the 218 neglected or simplified processes must be operating to varying extents. This should yield parameter 219 values that permit the representative simulation of lake behaviour, but cannot be expected to predict 220 any individual lake precisely. Available data (see Section 3) comprise simple water-column variables 221 such as concentrations of Chla, DIN, DIP and DOC, available for many lakes, lake retention factors of 222 different elements, available for a fair number of lakes, and depth-resolved sediment records for lakes, 223 available for relatively few lakes. The nature of these data restricts the number of parameters that 224 can be satisfactorily fitted, and hence the model has to be simplified. Furthermore, such simplification 225 is compatible with the complexity of long-term large-scale terrestrial process models (e.g. N14C, 226
Tipping et al., 2012), which we intend to use to simulate macronutrient inputs to lakes, and it would 227 not be sensible to use their outputs to drive an over-complex lake model. Lakes data set B (Table S1B) [CPM] and the CPM composition were estimated (Table S1B) . 260
Lakes data set C comprised results obtained between 1970 and the present for 28 lakes in Canada, 261
Denmark, Eire, Estonia, Norway, Sweden, Switzerland, UK, USA for which values of R N (28 cases), R P 262 (14) and F DeN (19) were reported or could be derived from input and output data. Concentrations and 263 compositions of input CPM were estimated from other values, as described in Table S1C which shows  264 all the data used in the analysis. 265
Lakes data set D (Table S1D) Lakes data set E (Table S1E) was assembled from published data that covered both water column 270 concentrations of N, P, DOC and Chla, and sediment accumulation rates and sediment concentrations 271 of C, N and P, for the same lake. Results for 8 lakes, all in the UK, were found. Mean annual 272 temperature and precipitation, lake and catchment dimensions were also available, together with 273 contemporary observations of DIN and TP input loads, R P and R N . Most of the water column data were 274 recent, although some went back to the 1940s. Sediment cores had been taken between 1980 and 275 the present. 276 277
Model applications 278
For each site, the same annual average climatic values were assumed to apply over the entire 279 simulation period (i.e. pre 1900 to the present). Although the model runs on a daily timestep in order 280 to represent the processes realistically, it is not intended to provide daily resolution; the aim is to 281 simulate annual changes. Therefore we divided the year into a winter and summer period, and 282 assumed for this approximate parameterisation that the daily runoff is the mean value times 1.333 in 283 winter and times 0.667 in summer, which is typical for the great majority of the temperate locations 284 used here (Renner and Bernhofer, 2011; Ali et al 2013). Temperatures in winter and summer are 285 assumed to be (MAT-T/2) and (MAT+T/2) respectively, where T is the difference between the 286 average temperature in the 6-month summer and winter periods, which are also the periods of algal 287 growth and non-growth (see above). The annual growing season is simplified to the six spring and 288 summer months, April to September in the northern hemisphere, October to March in the southern. 289 Lake and sediment temperatures were assumed to be the same as air temperature. Annual 290 evaporation and thereby runoff was calculated from MAP and MAT (mean annual precipitation and 291 temperature) using the equation of Turc (1954) . The different types of available data set, and data gaps, made it necessary to apply the model in 300 several ways, described below. In each case the described simulation uses a set of parameter values, 301 either a trial set used in parameter optimisation, or a final set for testing and evaluation. 
Application 3: contemporary N and P retention and denitrification in lakes 316
For the 28 lakes of data set C, contemporary input concentrations and loads were known or could be 317 estimated, and so the model was run directly to calculate lakewater concentrations of DOM, N, P and 318 Chla, and thereby losses of N and P to the sediment and in outflow, and denitrification, to calculate 319 R N , R P and F deN . For most of the lakes steady state could be assumed, but Lake Michigan and Vättern 320 have long residence times so we took into account temporal changes in nutrient and CPM inputs, using 321 the assumed long-term time trends described above ( Figure S1 ). [DIP] and [CPM] described above ( Figure S1 ), and therefore had to estimate values for both the period 331 before 1900 and contemporary values. Over the whole time period, the C, N and P contents of CPM 332 were held constant, the labile fraction of the organic matter was held at 0.05, and the OC:N and OC:OP 333 ratios of CPM were held constant at 15 and 500 respectively. Some P was in CPM as inert inorganic P 334 (0.01%). In reality the CPM composition will have changed but to attempt to optimise such changes 335
was not justifiable in view of the approximate nature of the analysis and lack of suitable data for 336 
Parameters fixed a priori 358
We set Q 10,BIO to 2.5, based on data summarised by Reynolds (2006) , and set r 0,max to 0. 
Parameters describing DOM in lakes 368
Application 1 (Section 4.1) was combined with data set A to optimise the parameters k fl , k pd ,  and γ 369 (equations 6 and 7) describing the flocculation and photodecomposition of DOM. There were 370 insufficient data to optimise all four parameters, and therefore we simplified the approach. We 371 assumed that the two k values were equal, and also the two exponents, which is equivalent to 372 assuming that the two removal processes are of equal importance, as suggested to be approximately 
Parameters describing algal growth, denitrification and organic matter decomposition 376
Application 2 (Section 4.2) was combined with data set B and application 3 (Section 4.3) with data set 377 C to optimise k r , k deN , k dw , k ds for different fixed values of P sed,max . The value of P sed,max had to be 378 optimised separately with sediment data (Section 5.4). The data sets provided observations for 379 different lakes of [Chla] , R N , R P and F deN . In addition, we estimated NPP (gC m -2 a 
Optimisation of P sed,max 387
For different parameter sets from Section 5.4, model application 4 (Section 4.4) was combined with 388 data set E, and the results used to find the value of P sed,max that best-accounted for variations of 389 sediment P concentrations with depth. 390 391
Results 393
DOM processing 394
Two parameterisations of DOM processing were made using Application 1 (Section 4.1), one with  we had to make estimates of CPM inputs and compositions, but they appear to be of the right order. 449
When our sites were run with r 0,max set to a very low value, so that the production of algal biomass 450 was reduced essentially to zero, the average calculated C burial rate over the 101 lakes fell from 54 to 451 49 gC m -2 a -1
, and the median C burial rate from 15.5 to 11.3 gC m -2 a -1
. Thus according to the model, 452 on average the allochthonous sources of C (CPM and DOM) contribute more to sediment C in these 453 lakes than does the production and settling of algal biomass. 454
The value of k ds (0. 
Long-term lake nutrient and Chla concentrations, sediment accumulation rate and composition 467
The parameters derived above were used with Application 4 (Section 4.4) to simulate water chemistry, 468
[Chla] and sediment profiles in the 8 UK lakes of data set E, with optimisation of lake inflow 469 concentrations and loads (model application 4). The best value of P sed,max (the maximum sediment 470 content of labile P) taking all 8 lakes into account was found to be 0.002 g g (Table 2) , correspond to contemporary 488 sediment delivery rates in the range 1 to 35 g m -2 (catchment) a -1 which are within the observed range 489 for UK catchments (see legend to Table S1b ). The highest rates are found for Rostherne Mere, Loch 490
Leven and Lough Neagh, all of which have significant intensive agriculture. The average value of 491 sediment delivery for the 8 lakes is calculated to have increased from 8.9 to 11.2 g m -2 a -1 (27%) over 492 the 20 th Century. The C contents of the CPM are in the range found for topsoils, with the exception of 493 Loch Lomond, for which the low derived C content is likely associated with overestimation of DOM 494 processing (see Discussion). Somewhat coincidentally, their average value of 6.5% C is exactly equal 495 to the value we derived for riverine CPM entering the lakes of data sets B, C and D (Section 3). 496
Comparisons of the calculated input loads of DIN and TP, and values of R N and R P , with available 497 measurements mostly show fair agreement (Table 3) . Table 2 . Derived input concentrations and CPM compositions for the 8 lakes of data set E. Note that 504 the CN and CP ratios of CPM are assumed constant at 15 and 500 (g/g) respectively. Nutrient 505 inputs include deposition to lake by implication. Values in brackets were fixed, because no sediment 506 P data were available for fitting. 507 The contributions of DOC to sediment C were estimated by running the model in default mode and then with 529 flocculation switched off, removing the contribution of sedimented flocculated DOC. The sediment C due to 530 DOC varied widely among the lakes (Table 4) , from 2-5 % in Grasmere to 75-86% in Loch Lomond. In the default 531 model, the fractional DOC contribution to sediment C was lower in 2000 than in 1900 for all the lakes because 532 of the increased contributions of algal production and sedimentation of CPM. The separate contributions of 533 algal growth and sedimentation were estimated by setting r 0,max to a very low value, so that essentially no algal 534 growth occurred. This showed (Table 4) that in 1900 algae contributed no more than 21% of the sediment C, 535 but by 2000 the contributions had increased, to nearly 60% in the case of Lough Neagh. The average 536 contributions over the 8 lakes in 1900 were CPM 58%, DOM 31%, algae 10%, while in 2000 they were 49%, 20%, 537 32%. Thus, the situation is qualitatively the same as for the 101 lakes of data sets B and C, in that CPM and 538 DOM are on average the main contributors to lake sediment carbon, but the contribution from algae is 539 increasingly significant. 540 541 Table 4 . Contributions to sediment C for the 8 lakes of data set E. 542 543 544
For the 8 lakes of data set E, comparisons of C, N and P fluxes were made between 1900 and 2000 to estimate 545 the changes undergone by these lakes over the last century. Key fluxes are compared in Figure 6 and the 546 average values are presented in Table 5 . Overall, eutrophication and increased sedimentation are calculated 547
to have led to a 6-fold increase in organic carbon fixation, a doubling in C respiration and a 70% increase in C 548 burial. Average denitrification has increased 8-fold, N sediment burial has more than doubled and P burial 549 (Table S1 ), and so they are likely robust. The model can approximately simulate C, N and P processing on 567 the basis of suspended sediment and nutrient loading, together with lake and catchment dimensions and 568 hydrology and climate, in a way suitable for analysing large landscapes with many and varied lakes. Over order-569 of-magnitude ranges (logarithmic scales), agreements between observations and predictions are fairly good 570 (Figures 2, 3 and 4 
Simulation of lake DOM 577
Of the known processes that we have simplified or neglected, those associated with DOM have been especially 578 highlighted by the present analysis. Few lake eutrophication models include DOM and its transformations. An 579 exception is the model of catchment-lake interactions by Hanson et al. (2004) which takes into account DOM 580 formation from primary producers, dependent upon nutrient P. Our DOM processes include the flocculation 581 reaction which leads to sediment burial of C, together with photodecomposition, whereas Hanson et al. (2004) 582 represented the transformation of POC to DOC, but not flocculation. The removal of DOM by lakes, by 583 flocculation-sedimentation and photodecomposition, is well-established for boreal systems dominated by 584 wetlands, and we have assumed that a parameterisation based on and tested with boreal data holds for DOM 585 in temperate lakes in general. This may be too much of a simplification, because of likely differences in DOM 586 quality among systems, and therefore information about DOM behaviour in other types of temperate lakes 587 would be helpful. Generally it would be expected that DOM in boreal systems is more hydrophobic and 588 coloured and therefore more susceptible to both flocculation and photodecomposition than the more 589 hydrophilic and less coloured material emanating from mineral soils. Although our model takes this into 590 account to some extent, via the exponentiated terms in equations (6) and (7), the reality is likely more complex. 591
The point is illustrated by the improved results obtained for Rostherne Mere when the value of k fl in equation 592 (6) is halved, which leads to less DOC contributing to the lake sediment, and allows a more realistic composition 593 of CPM. Similarly, a high DOC contribution to sediment C is calculated for Loch Lomond, by virtue of the loch's 594 long residence time, which probably causes the modelled C content of CPM (Table 3) to be too low. Work is 595 needed to understand the contribution of DOM to lake sediment carbon in non-boreal lakes. DOM is also 596 considered here to be a significant source of N and P for algal growth, especially in oligotrophic lakes. Another 597 issue with respect to lake DOM that deserves attention is recent temporal variability (increases) in fluxes from 598 the terrestrial system, related to acidification and its reversal, and eutrophication (Section 4.4). 599
Changes in sediment and carbon accumulation 600
The results obtained with data set E ( which were in the data set E lakes). A possible explanation for the difference is that a number of the lakes 604 studied by Foster et al (2011) were in areas with appreciable arable farming, which might be expected to 605 generate greater changes in sediment delivery. Foster et al. (2011) assumed all lake sediment was from the 606 catchment, ignoring autochthonous production, which is reasonable from the point of view of suspended 607 sediment per se, but could not be applied to the budgeting of C, N and P. 608
Our analysis provides some insight into carbon burial in lake sediments, and how it has changed. As described 609 in Section 6.2, the modelled average contemporary C burial rates for the 101 lakes of data sets B and C are 610 similar to values for other European lakes estimated by Anderson et al. (2014) , although again we emphasise 611 that our values must be treated with caution because our estimates of CPM inputs are approximate in most 612 cases. These are independent assessment methods, since we did not use sediment records for our estimates, i.e. carbon fixed by photosynthesis into algae in the lake, but our calculations do not agree with this. For the 616 lakes of data sets B and C we estimate that only about 10% of the buried carbon is from algal production. For 617 the 8 lakes of data set E, we estimate that currently 32% on average is derived from algae, 68% from CPM and 618 DOM (Table 4) . But attempting to generalise on this point is dangerous because the allochthonous / 619 autochthonous balance will depend strongly on the external loading of CPM. Thus Hanson et al. (2004) in a 620 comprehensive study of lakes in Wisconsin found that eutrophication was a major factor in sediment C burial, 621 but the lakes considered had relatively low inputs of POC, which would mean that CPM could not give rise to 622 high burial rates. A final point is that for the 8 lakes of data set E we estimate that most of the change in C 623 burial during the 20 th Century was due to nutrient enrichment and increased autochthonous production (Table  624 4). 625
Long-term large-scale applications 626
The wider purpose of the model is to simulate macronutrient processing in all lakes in a landscape or region 627 over time, specifically over the period since 1800 during which human activities have caused large 628 macronutrient-associated changes in the terrestrial-freshwater environment. This will involve linking the lake 629 model described here with spatially-resolved simulations of terrestrial environmental changes, including 630 agricultural practices, sewage discharges, and the effects of atmospheric deposition and climate change. Such 631 an analysis will be based on simulating each lake in its catchment situation, and will take into account the 632 different sizes of lakes and their catchments, permitting a realistic scaling-up of the model outputs, and making 633 more general the flux calculations performed here for the 8 lakes of data set E (Table 5, Figure 6 ). The spatially-634 resolved modelling of external processes will also improve the definition of inputs to the lakes, compared with 635 the assumptions about long-term variations used in the present work. This large-scale modelling will 636 incorporate the full lake C cycle, i.e. including DIC in water draining from the land and related outgassing, 637 allowing complete C budgets to be constructed. 638 Thus, it will be possible to describe quantitatively how long-term, large-scale changes in macronutrient supply 639 and behaviour have affected lakes, how lakes have contributed to the processing and storage of C, N and P in 640 the landscape, and what might occur under different future scenarios. Sensitivity analyses conducted as part 641 of this integrated modelling effort will permit us to assess whether the simplifications and approximations made 642 in the present study have led to uncertainties sufficiently large to require model improvement and an increase 643 in process detail. 644
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